In this paper, we investigate a simultaneous wireless information and power transfer (SWIPT) based two-way decode-and-forward (DF) relay network, where time switching (TS) is employed for SWIPT and time division broadcast (TDBC) is employed for two-way relaying. We focus on the design of a combining scheme that decides how the relay combines the signals received from two terminals through a power allocation ratio at the relay.
the intermediate relay splits or switches the received radio frequency (RF) signal in the power or time domain through power-splitting (PS) or time-switching (TS), has been proposed. SWIPT based two-way relaying with MABC has been widely studied (see [2] [3] [4] and the references therein). For example, the authors in [2] investigated the system outage probability of an analog network coding based twoway amplify-and-forward (AF) relay system with multiple-antenna source terminals and a single-antenna energy harvesting (EH) relay. Authors in [4] proposed an energy efficient precoding design for SWIPT enabled MIMO two-way AF relay networks.
Since the TDBC protocol can utilize the direct link between the terminals even when they operate in a half-duplex mode and the operational complexity of TDBC is lower than that of MABC, the study of TDBC in SWIPT based two-way relaying has recently received a lot of attention [5] [6] [7] [8] [9] [10] [11] [12] . In [5] , the authors studied the achievable throughput of SWIPT based additive AF relaying with TBDC under three wireless power transfer policies. For SWIPT based multiplicative AF relaying with TBDC, optimal symmetric PS [6] and asymmetric PS [7] schemes were proposed to minimize the system outage probability. The authors in [8] and [9] investigated the outage probability of PS SWIPT based two-way decode-and-forward (DF) relaying with TDBC under both linear and non-linear energy harvesting models. The authors in [10] studied the outage performance of a decode-amplify-forward protocol in TS SWIPT based two-way relaying. The secrecy performance, e.g., the intercept probability, of PS SWIPT based two-way DF relaying with TDBC was investigated in [11] . The combination of PS SWIPT based two-way DF relaying with TDBC and cognitive radio was studied in [12] with a focus on the outage probabilities of the primary user and the secondary user. It has been shown that for TDBC, the combining scheme that combines the two received signals at the relay can significantly improve the outage performance [13] . However, the optimization of combining scheme has not been studied for SWIPT based two-way relaying with TDBC.
In this paper, we propose an optimal combining scheme for a TS SWIPT based two-way DF 1 relay network, where TDBC is employed. Our contributions are summarized as follows. Firstly, we propose an optimal combining scheme, where the power allocation ratio at the relay is adjustable. Specifically, we formulate an optimization problem to minimize the system outage probability and derive the optimal power allocation ratio in closed form. Secondly, with the optimal combining scheme, we derive the expression of the system outage probability considering the EH circuit sensitivity. Simulation results are presented to verify the accuracy of the derived expressions and demonstrate the superiority of the proposed scheme in terms of system outage performance.
energy E total . Note that the value of θ decides how relay R combines the signals received from A and B.
Then the received signal at i is
is the transmit power at R.
For analytical simplicity, we assume σ [8] . After using successive interference cancellation (SIC) 3 at node i, the received SNR of the R-i link is given by
where
and ρ = P σ 2 is the transmit SNR. By implementing the maximal ratio combining (MRC) of the signals received from nodes i and R, the final SNR at node
where γ th is the predefined SNR threshold for both the relay-to-node links and the direct link and 1 D is the indicator function that equals 1 only when D is true and 0 otherwise.
III. OPTIMAL COMBINING AND PERFORMANCE ANALYSIS

A. Optimal Combining Scheme
Let P s out denote the system outage probability for the considered TS SWIPT based two-way DF relay network with TDBC. Then P s out can be expressed as
where P 1 = P (γ AB ≥ γ th ) is the probability that the direct link achieves the given SNR threshold,
≥ γ th , P in ≥ P th is the probability of successful two-way relaying when the direct link is not available, and P (·) denotes the probability. Based on (6),
we propose an optimal combining scheme to minimize the system outage probability by optimizing the power allocation ratio θ. It can be seen that there are only two SNRs, γ RA and γ RB , related with θ. Thus, minimizing P s out is equivalent to maximizing the lower SNR between γ RA and γ RB , and the optimization problem is formulated as
s.t. : 0 < θ < 1.
By listing cases of γ RA ≥ γ RB and γ RA ≤ γ RB , it is easy to show that the optimal power allocation ratio θ * can be obtained by letting γ RA = γ RB . Thus, the optimal power allocation ratio θ * is given by
Note that the optimal combining scheme at the relay can be extended to cases with multiple-antenna terminals. For example, for the case with multiple-antenna source terminals and a single-antenna EH relay, similar to the derivation of (8), the optimal power allocation ratio can be obtained as
, where F R is the beamformer at the relay and H Ri denotes the channel matric from R to i.
B. Performance Analysis
In the following, we calculate P 1 and P 2 and obtain the expression of P s out . Firstly, based on the expression of γ AB in (22), P 1 can be computed as
where step (a) follows by |g| 2 ∼ exp(
. Then, by substituting θ * into γ RA and γ RB in (24), P 2 is obtained as
, and Ω = , P 2 can be rewritten as
where 
and K 1 (·) is the modified Bessel function of the second kind.
Proof: See the Appendix.
Based on Lemma 1, the probability density functions (PDFs) of X, Y and Z, i.e., f X (X), f Y (Y ) and
≥ 0, we have P 2 = P 21 + P 22 , where P 21 is the probability of
is the probability of . Thus, P 21 is given by
By using Gaussian-Chebyshev quadrature approximation [9] , Ξ can be approximated as follows,
where M is a parameter that determines the tradeoff between complexity and accuracy, ν m = cos . Thus, P 22 is given by
, and κ
Thus, the system outage probability with the optimal combining strategy is approximated by
2) High SNR Approximation of P 
Although our derived expressions are complex, they provide the following advantages. Firstly, our derived expressions provide sufficiently accurate numerical evaluation of the outage performance, i.e., system outage probability and capacity. For example, it can be observed from Fig. 1 that the results achieved by the derived expressions match the simulation result well. Secondly, the derived expressions can be used to provide insights into the proper selection of system parameters, such as the relay location.
Thirdly, the derived expression for the system outage probability can be used to characterize the diversity gain for SWIPT enabled two-way DF relaying networks with TDBC protocol as detailed below. Note that the analysis of diversity gain has been omitted in our accepted article due to the limited space.
The diversity gain for SWIPT enabled two-way DF relaying networks with TDBC protocol is given by
Since lim ρ→∞ P 21 = 0, the diversity gain can be rewritten as Based on the expression of P 1 , d 1 can be computed as
(ii) Derivation of d 2
Based on the expression of F X (t min ), there are two cases for d 2 . For the case with a A = a B , d 2 can be computed as
where t min = t ∆ ρ and t ∆ = max P th σ 2 , 2γ th . Similarly, for the case with a A = a B , d 2 can be computed as
In summary, the diversity gain of the SWIPT enabled two-way DF relaying network with TDBC protocol is given by
IV. SIMULATIONS
In this section, we validate the effectiveness of our proposed combining scheme and verify the accuracy of the derived expressions via 1×10 8 Monte-Carlo simulations. According to [2] , the simulation parameters are set as follows:
The EH circuit sensitivity P th is given by −30dBm and the energy conversion efficiency is η = 0.6. The transmission rate is assumed as U = 3 bit/s/Hz resulting in γ th = 2 U −1. Unless otherwise specified, we set α s = α t = 4 and β = 0.25. Fig. 1 plots the system outage probability versus the transmit power, where three cases are considered:
(1) relay with direct link, (2) relay without direct link, and (3) direct link. Note that the case of relay with/without direct link, the power allocation ratio at relay is determined by (8) . For the case of relay with direct link, we use the Gaussian-Chebyshev quadrature approximation with M = 4 and the high SNR approximation to obtain the system outage probability. It can be observed that the result achieved by Gaussian-Chebyshev quadrature approximation matches the simulation result well, which verifies the correctness of the derived analytical expression in (18). For the high SNR approximation, with the increasing of the transmit power, the difference between the result based on the high SNR approximation and the simulation result becomes smaller. Thus, the derived approximation in (19) is also accurate for the high SNR regions. It can also be seen that the case of relay with direct link can achieve a lower system outage probability than the cases of relay without direct link and direct link. This is because that using a relay to help the information transmission can achieve a higher diversity gain. Fig. 2 plots the system outage probability versus d A under above three cases. For the case of relay with direct link, two schemes are considered, which are the proposed scheme and baseline scheme in which the power allocation ratio θ is fixed as 0.3, 0.5 and 0.7, respectively. We set P = 10 dBm and
It can be observed that with the increase of d A , the system outage probability increases, reaches the maximum value and then decreases. This is because that the total harvested energy is higher when the relay is closer to either of the nodes. By comparison, we can see that the proposed scheme outperforms the baseline scheme in terms of outage performance. In addition, it can also be seen that the optimal relay location is closer to either of the terminal nodes.
V. CONCLUSIONS
In this paper, we have proposed an optimal combing scheme to minimize the overall system outage probability and have derived the closed-form expression for the optimal power allocation ratio θ. For the proposed optimal combining scheme, we have obtained expression of the system outage probability considering EH circuit sensitivity. We have demonstrated that both the relay location and combining scheme are critical to achieving good outage performance and our proposed combining scheme outperforms the existing combining scheme. 
Thus, F X (∆) can be rewritten as (12) . 
where K 1 (·) is the modified Bessel function of the second kind. The proof is completed.
